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REDUCTION OF W I N D  TUNNEL WALL 

INTERFERENCE BY CONTROLLED  WALL  FLOW 

SUMMARY 

Correc t ions   for   wind   tunnel  w a l l  i n t e r f e r e n c e  are a p p l i e d  
s u c c e s s f u l l y  t o  high l i f t  models when t h e  model t o  tunne l  s i z e  
r a t i o  is small. The accu racy   o f   t he   co r rec t ions  becomes poorer  
when la rger   models  are t e s t e d .  An a l t e r n a t e  method o f   t e s t i n g  
w a s  deve loped   du r ing   t h i s   s tudy ,   i n   wh ich   f l ow  th rough   t he  
porous w a l l s  o f   t h e   t u n n e l  w a s  a c t i v e l y   c o n t r o l l e d  so as  t o  
approx ima te   f r ee  a i r  cond i t ions   i n   t he   ne ighborhood   o f   t he  model 
d u r i n g   t h e  test. The  amount  and d i s t r i b u t i o n   o f   t h e   c o n t r o l l e d  
f low  through  the  w a l l s  i s  computed us ing  a p o t e n t i a l   f l o w   r e p r e -  
s e n t a t i o n   o f   t h e  model based   on   t he   measu red   l i f t .  

T h e o r e t i c a l   a n a l y s i s  i s  p resen ted  t o  prove  the  convergence 
of t h e  method t o  f r e e  a i r  cond i t ions   and  t o  s u b s t a n t i a t e   t h e  
genera l   th ree-d imens iona l   theory   o f   opera t ion  when the  normal  
f l o w   d i s t r i b u t i o n  i s  con t inuous .   In   p rac t i ce   t he   f l ow  th rough  
t h e  wa l l s  i s  through a p a t t e r n   o f   h o l e s  so t h a t   i f   t h e  m a s s  flow 
through a s e c t i o n   o f  w a l l  is matched t o   t h e   t h e o r e t i c a l   v a l u e ,  
t h e  momentum w i l l  be   mismatched,   and  vice  versa .  An a n a l y s i s  
w a s  made of   expec ted   e r ror   due   to   such   f low  mismatch ,   and  it is 
shown t h a t   t h e   e r r o r   d e c r e a s e s   r a p i d l y   w i t h   i n c r e a s e d   p o r o s i t y  
r a t i o .  

A two-dimensional  tunnel w a s  c o n s t r u c t e d   t o   e v a l u a t e   t h e  
concept .   Resul t s  show t h a t   s u b s t a n t i a l   r e d u c t i o n  of w a l l  i n t e r -  
f e r e n c e  may be a c h i e v e d   w i t h   r e l a t i v e l y  low va lues  of p o r o s i t y  
o f   a c t i v e l y   c o n t r o l l e d  w a l l s .  



INTRODUCTION 

I n t e r e s t   i n  w i n d   t u n n e l   i n t e r f e r e n c e   h a s   i n c r e a s e d   i n  recent 
y e a r s   w i t h   i n c r e a s i n g   i n t e r e s t   i n  V/STOL v e h i c l e s .  The r e q u i r e -  
ment t o   s i m u l a t e   f l i g h t   v e h i c l e s  a t  extreme l i f t  c o e f f i c i e n t s ,   w i t h  
p o s s i b l e   p a r t i a l  flow s e p a r a t i o n  a t  h o v e r i n g   f l i g h t   o r   t r a n s i t i o n  
f l i g h t ,   h a s   p r e s e n t e d  new cha l l enges   fo r   w ind   t unne l   des igne r s .  
The problem is  ampl i f i ed  by t h e   n e c e s s i t y   t o  t e s t  models   with  large 
physical   d imensions  while  a t  t h e  same t i m e  p re se rv ing  a f avorab le  
v e h i c l e   t o  wind tunne l  s i z e  r a t i o .  

The need t o  tes t  large models i n  V/STOL veh ic l e   s imu la t ion  
r e s u l t s  f rom  several   requirements .  The models are t e s t e d   a t  ex- 
treme l i f t  c o e f f i c i e n t s   w i t h   p o s s i b l e   p a r t i a l   f l o w   s e p a r a t i o n .  I n  
t h i s   c o n f i g u r a t i o n  it i s  d e s i r e d   t o   m a t c h   t h e  dynamic s i m i l a r i t y  
parameters   o f   the  t e s t  t o   t h o s e   o f   t h e   s i m u l a t e d   f l i g h t   s i n c e   e x t r a -  
p o l a t i o n   o f   d a t a   t o   f u l l  scale Reynolds  numbers i s  unce r t a in .  
Mach number limits, e s p e c i a l l y   i n  powered  models  and i n  tests wi th  
r o t o r s ,  do no t   pe rmi t   i nc reas ing  t h e  t e s t  speed  beyond t h a t   o f   t h e  
s i m u l a t e d   f r e e   f l i g h t .  The model  must  then  be  increased  in s i z e  
t o   i n c r e a s e  t h e  t e s t  Reynolds  number. 

An a d d i t i o n a l   n e e d   t o   i n c r e a s e   t h e  model s i z e  i s  posed by con- 
s i d e r a t i o n s  of model &sign .  I t  i s  d i f f i c u l t   t o  scale down t h e  
e las t ic  modes of a s t r u c t u r e   w i t h   t h e   a v a i l a b l e  material proper- 
t ies .  T h i s   d i f f i c u l t y  i s  p a r t i c u l a r l y   s e v e r e   i n   r o t o r  tests which 
must  simulate  dynamic  response.  

Flow d i s to r t ions   due   t o   w ind   t unne l  w a l l  i n t e r f e r e n c e  may be 
a c c o u n t e d   f o r   i f   t h e  model t u n n e l  s i z e  r a t i o  i s  small, b u t   t h e  
theory  becomes less r e l i a b l e   a s   t h e  model  becomes l a r g e r  [ 1 , 2 ] .  I n  
V/STOL v e h i c l e  tests wi th  low forward  speed  and powered l i f t ,  t h e  
wake o f   t he  model i s  h igh ly   de f l ec t ed .  If t h e   t u n n e l  i s  not   ex-  
t r eme ly  l a r g e ,   t h e  wake l o c a t i o n  w i l l  l a rge ly   devia te   f rom  the   one  
i n   t h e  free a i r   c a s e ,  a n d   t h e   r e s u l t i n g   p i t c h i n g  moment d a t a  w i l l  
be t o t a l l y   d i f f e r e n t  from t h e  real  c a s e  [ 31 . The wake may a l s o  
impinge   on   the   tunnel   f loor   resu l t ing   in   the   deve lopment   o f   f low 
d i r e c t e d   u p s t r e a m   a l o n g   t h e   f l o o r .  Lateral  r e c i r c u l a t i o n  may 
develop on t h e  walls and  flow  breakdown w i l l  be  experienced as 
r e p o r t e d  by R a e  [ 4 ] .  The above   reasoning   and   fu ture   p ro jec t ions  
of   tes t ing  requirements   have  encouraged  the  planning  of   very  large 
tunne l s  [ 5 , 6 1 .  

An a l t e r n a t e   o r  complementary  technique t o   t h e   c o n s t r u c t i o n  
of   very   l a rge   tunnels  was deve loped   du r ing   t h i s   i nves t iga t ion .  A 
wind tunne l  i s  proposed  in   which  the  f low i s  r egu la t ed   t h rough   t he  
walls s u c h   t h a t   t h e  model i n   t h i s   t u n n e l  is  i n  a f l o w   f i e l d  l i k e  
t h a t   o f  free f l i g h t   d u r i n g   t h e  t es t .  The in t e r f e rence   f rom  the  
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tunnel  walls  is  minimized  by  active  control of the  flow  through  the 
walls so that  correction  to  the  data may  not  be  necessary.  This 
type  of  wind  tunnel  is  capable of a  wider  test  range  than  that of 
the  conventional  wind  tunnel  since  the  flow  condition  resembles 
free  air  flow  even for relatively  large  models at high  lift  coef- 
ficients. In addition, it is  not limited  to  a  particular  model or 
geometrical  configuration. 

The  study  presents  theoretical  analysis  and  experimental  evi- 
dence  in  support  of  this  wind  tunnel  concept.  Practical  design 
considerations of flow  control  and  the  manner of flow  injection 
are  also  presented. 

SYMBOLS 

A 

A H  

A 
j 

AR 

b 

{ B l  

cL 

d 

(03 

area  segment  of  the  tunnel  wall 

open area  through  which  the  flow  is  regulated 

jet  cross  sectional  area 

aspect  ratio 

model  span 

M x N matrix of transformation from  the  model 
vortex  lattice to the  tunnel control  points 

model  chord 

N x N matrix of influence  coefficients  of  the 
wall vortex  elements 

lift  coefficient  (three  dimensions) 

free  stream  lift  coefficient 

moment  coefficient  at  the  model 1/4 chord 

jet  diameter 

M x M matrix of influence  coefficients  of  the 
model  vortex  lattice 
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E 

F 

{GI 

H 

i 

I 

[ J I  

K 

M 

m 

n 

N 

P 

P 

R 

{TI  

V 

vH 

v e l o c i t y   e r r o r   d u e   t o  mass flow  mismatch 

v e l o c i t y   e r r o r   d u e   t o  momentum flow  mismatch 

N x M mat r ix   o f   t r ans fo rma t ion   f rom  the  w a l l  
vor tex   e lements  t o  t h e  model  boundary  points 

wind t u n n e l   h e i g h t  

index  of  summation 

i d e n t i t y   m a t r i x  

M dimensional column ma t r ix   de f ined  by Equation  (13) 

d imens ionless   func t ion   def ined  by Equation  (23) 

number o f   vo r t ex  e l emen t s  d e s c r i b i n g  a g i v e n   t h r e e  
d imens iona l   vehic le  

index  of  summation 

index  of  summation 

number o f   vo r t ex   e l emen t s   desc r ib ing   t he   t unne l  
geometry 

index  of  summation 

po ros i ty ,   de f ined  by t h e   r a t i o   o f  o p e n   a r e a   t o   t h e  
t o t a l   a r e a   o f   t h e  w a l l  segment 

j e t  r a d i u s  of c u r v a t u r e  

M x M def ined  by Equation ( 1 6 )  

ve loc i ty   o f   induced   f low  near   the   wal l  

cont ro l led   f low  ve loc i ty   th rough  the   open   por t ion  
o f   t he  w a l l  

i n d u c e d   v e l o c i t y   a t   t h e  model c o n t r o l   p o i n t s  

j e t   v e l o c i t y  

f r e e  stream v e l o c i t y  

streamwise a x i s   w i t h   o r i g i n   a t   t h e  model 1 / 4  C 
t he   t unne l   cen te r l ine ,   pos i t i ve   downs t r eam 
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Y vertical  axis  from  the  model 1/4 C upward 

[YI M dimensioned  column  matrix  representing  the  effect 
of the  free  stream  velocity  with  appropriate 
orientation  at  the  vehicle  boundary  points 

CY angle of attack 

l r (  1 '  M or N dimensioned  column  matrix  of  the  strengths 
of  the  vortex  elements 

x eigenvalue 

P spectral  radius  of  a  matrix 

@ harmonic  potential  function 

Superscript 

t wind  tunnel  parameter 

Subscript 

0 initial  arbitrary  measurement 

W free  air  condition of the  model  parameter 
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THE WIND TUNNEL INTERFERENCE AND PREVIOUS 
TREATMENT OF THE PROBLEM 

The s o l u t i o n   t o   t h e  wind   tunnel   in te r fe rence   p roblem i s  des- 
c r ibed   u s ing  two bas ic   approaches   and   the i r   combina t ion .  The 
classical approach i s  t o  compute t h e  effect of w a l l  i n t e r f e r e n c e  
and   t hen   t o   app ly   t he   appropr i a t e   co r rec t ions   t o   t he   r eco rded   da t a .  
A l t e r n a t e l y ,  by appropr ia te   des ign ,   wind   tunnels  may be   cons t ruc ted  
wi th   a l lowance   for  w a l l  co r r ec t ions   t o   min imize   and   i n  some cases 
e l i m i n a t e  w a l l  i n t e r f e r e n c e .  

Although  the  current   development   of   wind  tunnels   fol lows  the 
l a t te r  approach,  both  approaches are b r i e f l y   o u t l i n e d   h e r e   t o   p r o -  
v ide   p rope r   pe r spec t ive   fo r   t he   so lu t ion   o f   t he   p rob lem.  A more 
d e t a i l e d   t r e a t m e n t   o f   p r e v i o u s   l i t e r a t u r e  i s  summarized i n  two 
AGARD r e p o r t s :   t h e  f i r s t  i s  Agardograph 1 0 9  [l] which was prepared 
i n  1 9 6 6  and  the  second i s  AGARD r e p o r t  N o .  601 [ 2 ]  which w a s  pub- 
l i s h e d   i n  1973. 

Data Cor rec t ion  

Two Dimensional Wall I n t e r f e r e n c e . - C l a s s i c a l l y ,   t h e   c o n s t r a i n t  
imposed  by t h e   t u n n e l  walls on t h e   l i f t i n g  body i s  desc r ibed  as an 
e f f ec t ive   f l ow  cu rva tu re   a round   t he  model [ 1 , 7 ] .  Wi th in   the  frame- 
work o f   p o t e n t i a l   f l o w   t h e o r y ,   t h e   e f f e c t   o f   t h e   c u r v e d   s t r e a m l i n e s  
may be  replaced  by  an  imaginary camber c l a s s i c a l l y  known as   ae ro -  
dynamic camber. Wall effects are approximated  by  an  effect ive 
camber p r o p o r t i o n a l   t o   l i f t   c o e f f i c i e n t   w h i c h   r e s u l t s   i n   a n   a p p a r -  
e n t   i n c r e a s e   i n   t h e  l i f t  curve   s lope .  

T o  c o r r e c t  wind t u n n e l   d a t a   t h e  model geometr ica l   angle   o f  
a t t a c k  may b e   e q u a t e d   t o   t h e   d e s i r e d  free f l i g h t   a n g l e   a n d   t h e  
measured l i f t  may b e   c o r r e c t e d   t o   t h e  free f l i g h t   v a l u e .  A l t e r -  
n a t e l y   t h e   l i f t  measured i n   t h e   t u n n e l  may b e   e q u a t e d   t o   t h e  free 
a i r  l i f t  so t h a t   t h e   f r e e  a i r  ang le   o f   a t t ack  i s  e q u i v a l e n t   t o  a 
c o r r e c t e d   a n g l e   o f   a t t a c k   i n   t h e   t u n n e l .   E x t r e m e  care should  be 
e x e r c i s e d   i n   t h e   u s e  of a classical c o r r e c t i o n   t h e o r y   f o r   t h e  
p rope r   de f in i t i ons   o f   t he   co r rec t ion   pa rame te r s .   Add i t iona l   d i s -  
cuss ion  on two dimensional w a l l  i n t e r f e r e n c e  i s  g i v e n   i n   r e f e r e n c e  
[ 81  

Three  Dimensional Wall 1nterference.-The above  discussion may 
be   ex tended   t o   desc r ibe   t he  w a l l  i n t e r f e r e n c e  i n   t h r e e   d i m e n s i o n s .  
The f i c t i t i o u s  aerodynamic camber produced by t h e  walls depends 
on t h e   l o c a t i o n   o f   t h e  model i n   t h e   t u n n e l   a n d   t h e  s i z e  o f   t h e  
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model. For a f i n i t e  wing  each  wing  section  would  experience 
d i f f e r e n t   d i s t o r t i o n   o f   f l o w   a r o u n d  it. The effect a long   the   span  
is a cont inuous  apparent  camber change o r  t w i s t  as suggested by 
Heyson [9]. T h i s   e f f e c t  i s  usua l ly   ve ry  s m a l l  i n  tests o f   t h ree -  
dimensional  wings. 

The m o s t   s i g n i f i c a n t  effect i n   t h r e e   d i m e n s i o n a l  tests is  t h e  
upwash due t o  the  images of t h e   t r a i l i n g   v o r t i c e s  which e f f e c t i v e l y  
i n c r e a s e s   t h e   a n g l e  of a t t a c k  a t  t h e  wing. I t  produces  even a 
l a r g e r  upwash a t  t h e  t a i l  which d i s t o r t s   t h e   p i t c h i n g  moment da t a .  
Also t h e  wake beh ind   t he  model assumes a h i g h e r   l o c a t i o n   i n   t h e  
t u n n e l   w h i c h   f u r t h e r   d i s t o r t s   t h e   f l o w  a t  t h e  t a i l .  

Model b lockage   provides   an   addi t iona l  w a l l  i n f luence .  The 
blockage  due t o   t h e   s o l i d  model  and i t s  wake induces   l og i tud ina l  
ve loc i ty   g rad ien ts   on   the   un i form  f low.   This   e f fec t ,   however ,  is 
u s u a l l y   q u i t e  small i n  low s u b s o n i c   t e s t i n g .  

Modern c o r r e c t i o n   t h e o r i e s   d u e   t o  Heyson [ 2 ]  and  Joppa [ l o ]  
take accoun t   o f   t hese   i n f luences  by ma themat i ca l ly   i nc lud ing   t he  
d e f l e c t e d  wake behind  the  model.  By the   na tu re   o f   t hese   approaches  
data may be   co r rec t ed   on ly  i f  t h e   d i s t o r t i o n s   d u e   t o   t h e   w a l l s  are 
r e l a t i v e l y  small. Practical  l i m i t  t o   t h e   a p p l i c a b i l i t y   o f   t h e o r i e s  
is usua l ly   cons ide red  when t h e   a n g l e   o f   a t t a c k   c o r r e c t i o n  is less 
than 5' [ 2 ] .  

Previous  Designs  of Minimum I n t e r f e r e n c e  
Wind Tunnels 

Wind . - . . - - Tunnels - wi th   Ven t i l a t ed   Wal l s . -A   f l i gh t   veh ic l e   can   be  
descr ibed  as suppor t ing  i t s  weight by gene ra t ing  a momentum f l u x  
th rough   t he   l aye r s   o f  a i r  stream  around it. Each l a y e r   w i t h  a 
r e l a t i v e   v e l o c i t y   t o   t h e   v e h i c l e  i s  d e f l e c t e d  downward, t r ansmi t -  
t i n g  a n e t   f o r c e  upward  which s u p p o r t s   t h e   f l i g h t   v e h i c l e .  

I n  a t u n n e l   w i t h   r i g i d  walls,  t h e   f o r c e  is  t r a n s m i t t e d   t o   t h e  
model w i th  a much lower downward de f l ec t ion   t han   t he   co r re spond ing  
free f l i g h t .   I n   a n   o p e n   t u n n e l ,  on the   o the r   hand ,   t o   p rov ide   t he  
same f o r c e  a t  the   model ,   the  a i r  o u t s i d e   t h e  j e t  is d e f l e c t e d   w i t h  
a larger a n g l e   t h a n   i n  free a i r .  

The opposi te   effect   of   c losed  and  open  wind  tunnels  w a s  recog- 
n ized  by Theodorsen [ll] who proposed  in   1931  several   tunnel   con-  
f igu ra t ions   w i th   open   and   c losed   po r t ions   t o   r educe   i n t e r f e rence .  
Numerous t u n n e l s   w i t h   v e n t i l a t e d  walls,  p a r t i c u l a r l y  for t r a n s o n i c  
t e s t i n g ,  have  been  constructed  and are i n   o p e r a t i o n   t o d a y .  The 
d i f f i c u l t y   e n c o u n t e r e d   i n   u s i n g   p o r o u s   o r   v e n t i l a t e d  w a l l s  is  t h a t  
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any  design is  dependent   on  the  model   configurat ion.  When a d i f f e r -  
e n t  s i z e  model i s  i n s t a l l e d ,  i t s  relative p o s i t i o n   i n   t h e   t u n n e l  
va r i e s   and  so m u s t   t h e   d e s i r e d   p o r o s i t y  t o  min imize   t he   i n t e r f e rence .  

I n   a d d i t i o n   t o   p r o b l e m s  of configurat ion  dependency,  a good 
t h e o r y   t o  correct t h e   d a t a   o b t a i n e d   i n  a v e n t i l a t e d   t u n n e l  i s  n o t  
a v a i l a b l e  [1,2,12]. Analy t i ca l   app roaches   mus t   dea l   w i th   d i sc re t e  
boundary  conditions.   These  require  no  normal  f low a t  t h e   s o l i d  
p o r t i o n s   o f   t h e  w a l l  and  cont inuous  pressure a t  t h e   s l o t s   o r   o p e n  
areas. 

Mathemat ica l ly   these   condi t ions  may be  expressed by: 

a t  t h e   s o l i d   p o r t i o n  - a @  = 0 
a Y  

and a t  t h e   s l o t s   t h e   p r e s s u r e   c o n d i t i o n   l e a d s   t o  

So lu t ion   t o   t h i s   p rob lem  p roceeds  by i n t r o d u c i n g   e i t h e r  a 
p o r o s i t y   o r  a s l o t   p a r a m e t e r  so t h a t  the  boundary  conditions may be 
t r ans fo rmed   t o  homogeneous boundary  conditions [ l] .  The app l i ca -  
b i l i t y   o f   t h i s   a p p r o a c h   a n d   t h e   r e l a t i o n   b e t w e e n   t h e   p o r o s i t y  
pa rame te r   and   t he   phys i ca l   s t ruc tu re  is still t o  be  resolved [2,12]. 

A more r ecen t   deve lopmen t   p roposes   t o   i nco rpora t e   ac t ive  
elements on t h e  wind tunne l  w a l l  so t h a t  the tunne l  may accommodate 
a n   a r b i t r a r y  model conf igu ra t ion .  

Wind Tunnels   wi th   Act ive   Wal l s . -The   des i re   to   ob ta in  minimum 
in te r fe rence   wind   tunnels   wi th   semi-ac t ive  walls w a s  documented i n  
experimental  work by Kroeger, e t  a l .  [13 ] .  The  method  employed 
a d j u s t a b l e   w a l l   l o u v e r s .   P a r t i a l   s u c c e s s   o f   t h e   t e c h n i q u e  was 
summarized i n   t h e   f i n a l   r e p o r t   o f   t h a t   i n v e s t i g a t i o n  [14]. However, 
a n a l y t i c a l   f o u n d a t i o n s   f o r   f u r t h e r   d e s i g n   o f   s u c h  a tunnel   have   no t  
been  published. 

Another   p roposa l   for  a porous   wind   tunnel   wi th   forced   draf t  
th rough  the  walls w a s  p repared  by Hall and Gamage [15]. Numerical 
a n a l y s i s  w a s  made fo r   t he   r equ i r ed   f l ow  th rough   t he  w a l l .  
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During   the   p repara t ion  of t h i s   s t u d y  some work on minimum 
correc t ion   wind   tunnels  w a s  publ i shed  by t h e  s taff  of the  Calspan 
[16,17]. Thei r   p roposa l  c a l l s  f o r   t h e   u s e  of a comparison  between 
t w o  flow  components i n   o r d e r   t o   e v a l u a t e   t h e   f l o w  improvement i n  
t h e   t u n n e l .  The  method i s  based  on the fact  t h a t   i n   p l a n e   p o t e n -  
t i a l  f l o w  t h e  t w o  velocity  components are not  independent.   There- 
fore ,   one   o f  t h e  two measured  flow  components i s  u s e d   t o  compute 
the   s econd   ve loc i ty  component. The computed v e l o c i t y  i s  then  
compared  with  the  corresponding  measurement.  Experimental  data to  
e v a l u a t e   t h a t  , " .  proposa l  are n o t   y e t   a v a i l a b l e .  

Addi t iona l  work wa's r e p o r t e d  t o  b e  underway  by Ferri, e t  a l .  
[18]. That   s tudy w a s  i n i t i a t e d   i n   t r a n s o n i c  wind tunnels   and it 
would a t t empt   t o   measu re   t he   p re s su re   and   s t r eaml ine   de f l ec t ion  
nea r  the  v e n t i l a t e d  walls.  Comparisons of measured  pressure  and 
d e f l e c t i o n  w i t h  t h o s e  computed  by a n a l y t i c a l  models  would  be  used 
t o  change the  w a l l  p o r o s i t y .  

OBJECTIVES O F  THE STUDY 

The present  development of minimum c o r r e c t i o n  wind tunne l s  
employs a c t i v e   f l o w   c o n t r o l   t h r o u g h   t h e   t u n n e l  w a l l s .  The amount 
of  flow t o  be regula ted   th rough the  wind   tunnel   sur face  is  computed 
by p o t e n t i a l   t h e o r y   a n d  is based   on   t he   ac tua l  l i f t  measured  on 
t h e  model. The choice  of t h e  p a r t i c u l a r   p o t e n t i a l   f l o w  model w i l l  
depend on the i n t r i c a c y   o f   t h e   f l i g h t   v e h i c l e   a n d   t h e   r e l a t i v e  
s i z e  of  the tunne l .  

The main o b j e c t i v e   o f  t h i s  i n v e s t i g a t i o n  was to   demonst ra te  
t h e   f e a s i b i l i t y   o f  the minimum i n t e r f e r e n c e  wind tunne l .  The 
p e r t i n e n t   q u e s t i o n s   i n  t h e  design  of  such a wind tunne l  were 
eva lua ted   ana ly t i ca l ly   and   expe r imen ta l ly .  

The d i s c u s s i o n   i n  t h i s  r e p o r t  i s  a d d r e s s e d   t o   t h e   f o l l o w i n g  
ques t ions :  

(a)  Show t h a t   i n   p r i n c i p l e  it is  p o s s i b l e   t o   o b t a i n  a 
minimum correc t ion   wind   tunnel  by c o n t r o l l i n g   t h e  
flow a t  t h e  walls.  

(b)   Analyze   an   appropr ia te  way t o   r e g u l a t e   t h e   f l o w  
through  the  walls. 

(c) Develop a p r i n c i p l e  of o p e r a t i o n   f o r   a n   a r b i t r a r y  
l i f t i n g  body. 
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(d)  Assess p r a c t i c a l   c o n s i d e r a t i o n s   t o   b e   u s e d   i n  
t h e   c o n s t r u c t i o n   o f  an active w a l l  wind  tunnel .  

THEORETICAL ANALYSIS 

Analy t i ca l   Cons ide ra t ions  

The bas i c   a s sumpt ion   o f   t he   ac t ive   wa l l  wind tunne l  i s  t h a t  
po ten t i a l   f l ow  ana lys i s   p rov ides   an   accu ra t e   desc r ip t ion   o f   t he  
flow f a r  away f rom  the   mode l .   Whi l e   t he   de t a i l ed   s t ruc tu re   o f   t he  
flow may vary  widely  with  the  aerodynamic body v e r y   c l o s e   t o   t h a t  
body, it approaches   t ha t   o f   t he   s imp le   ho r seshoe   vo r t ex  model i n  
a s h o r t   d i s t a n c e .  

T h i s   d e s c r i p t i o n  i s  supported  by  experimental   evidence.  The 
famil iar  wake o f  a cont ra - ro ta t ing   vor tex   pa i r   has   been   documented  
f o r  a w i d e   v a r i e t y   o f   l i f t i n g   b o d i e s .  A r e f e r e n c e  i s  made t o  
works by Heyson, e t  a l .  [lo] which i l l u s t r a t e s   e x p e r i m e n t a l l y   t h a t  
t h e  wake behind a h e l i c o p t e r   r o t o r   b l a d e  i s  r o l l e d  up i n t o  a v o r t e x  
p a i r  a t  s even   pe rcen t   o f   t he   b l ade   r ad ius   beh ind   t he   ro to r .   Th i s  
p a t t e r n  i s  reproduced   in   F ig .  1. 

In   accordance   wi th   the   above   d i scuss ion ,  a t  some dis tance  f rom 
t h e  model ( i . e . ,  near   the   wind   tunnel  wal ls)  a f i c t i t i o u s   c o n t r o l  
s u r f a c e  may be   cons t ruc ted .  On t h i s   c o n t r o l   s u r f a c e   p o t e n t i a l  
theory  i s  a p p l i c a b l e   i n   a n   a r b i t r a r y  wind   tunnel   and   for   an   a rb i -  
t rary  aerodynamic body. I n   p a r t i c u l a r ,  it is  r e c a l l e d   t h a t   t h e  
s o l u t i o n   t o   t h e   p o t e n t i a l   f l o w   p r o b l e m  is  unique.  Therefore,  i f  
a t  eve ry   po in t   on   t he   con t ro l   su r f ace   t he   f l ow i s  i d e n t i c a l   t o  
t h a t  of free a i r ,   t h e  model i n s i d e   t h e   c o n t r o l  volume w i l l  exper- 
i e n c e   f r e e   f l i g h t   f l o w .  The a p p l i c a b i l i t y   o f   p o t e n t i a l   t h e o r y   t o  
th i s   phys i ca l   p rob lem  then   p rov ides  a t h e o r e t i c a l   b a s i s   f o r  con- 
s t r u c t i n g  a minimum c o r r e c t i o n  wind tunne l .  

A prac t ica l   consequence  of t h e   p o t e n t i a l   t h e o r y  i s  t h a t  it is  
s u f f i c i e n t   t o   c o n t r o l   o n l y   t h e  normal  component of the   f low  on   the  
boundary. T h i s  r e s u l t  i s  due t o  t h e   f a c t   t h a t  a p o t e n t i a l   f u n c t i o n  
( i n   t h i s  case t h e  free a i r  p o t e n t i a l   o f   t h e   m o d e l )  i s  uniquely 
defined  by its normal   der iva t ive  on t h e   c o n t r o l  surface (assuming 
t h e   p o t e n t i a l   t o   v a n i s h  a t  i n f i n i t y )  (See, f o r  example, [ 2 0 ] . ) .  

The p r i n c i p l e   o f   o p e r a t i o n   f o r   t h e   p r o p o s e d  wind tunne l  i s  as 
f o l l o w s .   S t a r t i n g   w i t h   a n   a r b i t r a r y  model   and  configurat ion,   the  
l i f t  i s  measured.   Potent ia l   theory i s  u t i l i z e d   w i t h  a simple  f low 
model t o  compute the   r equ i r ed   f l ow  cond i t ions   a long   t he  w a l l .  This  
computed  flow i s  then  provided by i n j e c t i o n   o r   e x t r a c t i o n .   B e c a u s e  
such f l o w  modi f ica t ions   change   the  l i f t ,  a continuous  feedback 
occurs  as i s  i l l u s t r a t e d   i n   F i g .  2 .  
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It  is  now necessa ry   t o   p rove   t ha t   t h i s   p rocess   conve rges   and  
the  measured l i f t  w i l l  assume t h e  free a i r  va lue .  The proof i s  
presented   for   the   genera l   th ree   d imens iona l   p roblem,   and  is  re- 
p e a t e d   f o r   t h e  two dimensional   case.  

Generalized  Three  Dimensional  Theory.-The  discussion  of  the 
gene ra l   t heo ry  is  based  on  the  feedback  concept   in   Fig.  2.  For  any 
g iven   tunnel  it w i l l  be   necessa ry   t o   u se  a p o t e n t i a l   f l o w  model t o  
compute the   necessary   f low  through  the  w a l l .  The feedback  path w i l l  
b e   o b t a i n e d   i n   r e a l i t y  by a new measurement  of  the l i f t .  

I n  t h i s   a n a l y t i c a l   t r e a t m e n t   t h e   f e e d b a c k  mechanism is  a l s o  
modeled by a p o t e n t i a l  model   which  enables   one  to   prove  that   the  
process  i s  convergent.  

The p o t e n t i a l   f l o w   f i e l d   f o r  any a r b i t r a r y  model may be  con- 
s t r u c t e d  by any  desired number of M e lements   represent ing  a proper 
v o r t e x   l a t t i c e   d e s c r i p t i o n  and  any  combination  of  horseshoe  vortices 
a s   i l l u s t r a t e d  i n  F ig .  3 .  

The boundary  condi t ions  of  no  flow  through  the body s u r f a c e  
and the   Kut ta   condi t ion  are  s a t i s f i e d  a t  M p o i n t s .  I t  i s  given 
by t h e   f o l l o w i n g   t e n s o r   r e l a t i o n :  

where D is the   mat r ix   o f   in f luence   coef f ic ien ts   having  M X M dimen- 
s i o n s .  I t  r e p r e s e n t s   t h e   e f f e c t   o f   a l l   t h e  body elements a t  each 
o f   t h e   c o n t r o l   p o i n t s .  

The f r e e   a i r   c i r c u l a t i o n  is a n a l o g o u s   t o   t h e   l i f t   c o e f f i c i e n t  
r e p r e s e n t a t i o n   i n   F i g .  2 .  The column mat r ix  Y of M dimensions 
r e p r e s e n t s   t h e   f r e e  a i r  ve loc i ty   and   any   des i red  body o r i e n t a t i o n  
which i s  given by an   ang le   o f   a t t ack ,  a s i d e - s l i p   a n g l e   o r  a r o l l  
angle .  T w  t h e n   r e p r e s e n t s   t h e   f l i g h t   v e h i c l e  i n  f r e e  a i r .  

Any a r b i t r a r y  wind  tunnel may be   cons t ruc ted  i n  p r i n c i p l e  by 
choosing a s u f f i c i e n t  number of v o r t e x   r i n g s ,  1, t o   c o n s t r u c t  a 
w a l l   o f   v o r t e x   l a t t i c e   a s   p r o p o s e d  by  Joppa [lo]. The  wind tunne l  
boundary  condition  of no f low  through  the w a l l  i s  s a t i s f i e d  a t  t h e  
N c o n t r o l   p o i n t s   o n   t h e  wal.1. The ve loc i ty   induced  by t h e  model i s  
equa ted   w i th   t he   ve loc i ty   due   t o  a l l  t h e   v o r t e x   r i n g s  which  form 
t h e   t u n n e l  walls.  I n  a wind t u n n e l   w i t h   a c t i v e  w a l l ,  t h e  w a l l  
e f f e c t  is r e l a t e d   t o   t h e   i n s t a n t a n e o u s   v a l u e   o f   c i r c u l a t i o n   d e s i g -  
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POTENTIAL FLOW REPRESENTATION 

Figure  3 .  P o t e n t i a l  f l o w  r e p r e s e n t a t i o n  
f o r  a genera l   th ree   d imens iona l  
v e h i c l e .  
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nated  by t h e  i + 1 s t e p .  The w a l l  boundary  condi t ion is  given by: 

where  the N x N m a t r i x  C is  t h e   i n f l u e n c e   c o e f f i c i e n t   m a t r i x  of t h e  
v e l o c i t y   c o n t r i b u t i o n s  of a l l  t h e   v o r t e x   r i n g s  a t  each   con t ro l   po in t .  
I I r' is  an N dimensioned  column  matrix  and Vm' is  t h e   v e l o c i t y   d u e  

i+l 
t o   t h e  model.  Fig. 4 is a n   i l l u s t r a t i o n   o f   t h e   p r o b l e m .  

The ve loc i ty   induced  by t h e  model  on t h e  w a l l  c o n t r o l   p o i n t s  
is given by the   fo l lowing  N equat ions :  

Combining e q u a t i o n s   ( 4 , 5 )   t o   s o l v e   f o r   t h e   s t r e n g t h  of t h e  
vo r t ex  l a t t i ce  elements  w i l l  r e s u l t   i n :  

Consequen t ly ,   t he   ve loc i ty   con t r ibu t ion  of t h e  wind  tunne l  on 
t h e  model i s  given  by: 

where t h e  N x M mat r ix ,  G ,  r e p r e s e n t s   t h e   i n f l u e n c e   o f   t h e   t u n n e l  
vortex  e lements  a t  t h e  M modei  boundary  points. ' w a z  z ~ + ~  is  an M 

dimensions column mat r ix .  

A similar r e p r e s e n t a t i o n  may be cons t ruc t ed   fo r   t he   i nduced  
flow by t h e   a c t i v e   c o n t r o l   s y s t e m .  The con t ro l l ed   f l ow  on   t he  

w a l l  i s  based on the  previous  measurement  of l i f t  a t  t h e  ith s t e p .  
The induced  flow a t  t h e  M model   boundary   po in ts   due   to   the   ac t ive  

15 
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THE WIND TUNNEL  PROBLEM 

CONTROLLED FLOW 

Figure  4 .  Vortex l a t t i c e  r e p r e s e n t a t i o n  
of a wind tunne l .  
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w a l l  i s  g iven  by: 

Equation ( 6 )  may be s u b s t i t u t e d   i n t o   E q u a t i o n s  (7)  and ( 8 )  
(wi th   the   p roper  i index)  so t h a t   t h e   f l o w   d u e   t o   t h e  w a l l  and   the  
flow  due t o   t h e  active w a l l  w i l l  be e x p r e s s e d   i n  terms of t h e  model 
c i r c u l a t i o n .  

and 

The mathematical   analogy  which  represents   the effect  of t h e  
a c t i v e   w a l l  wind tunne l  may be   recons t ruc ted  by summations of a l l  
v e l o c i t y   i n f l u e n c e s  i n  t h e   f i e l d  a t  t h e  model M boundary  points.  

Equation (11) may be   r ea r r anged   t o   s epa ra t e   t he  M dimensioned 
column ma t r ix  T i + l .  

17 



In   o rder   to   p rove   the   convergence   o f   the   feedback   model ,   the  
problem may b e   r e s t a t e d  as follows: I t  is  n e c e s s a r y   t o   p r o v e   t h a t  
t h e  i terat ive r e l a t i o n   g i v e n  by Eq. ( 1 2 )  w i l l  so lve   t he   un ique  
p o t e n t i a l  flow problem  given by t h e  free a i r  model 

T h i s  problem i s  similar t o  problems of convergence  encountered 
in   numer i ca l   ana lys i s  [21]. It  i s  conven ien t   t o   de f ine   an  M dimen- 
s ioned column ma t r ix  J which   represents   the   d i f fe rence   be tween  the  
ins tan taneous   va lue  of t h e   c i r c u l a t i o n   a n d   t h e   f r e e  a i r  c i r c u l a t i o n .  

[Ji] = [Ti] - [rw] 

Equation ( 1 2 )  may be   r ea r r anged   w i th   t he   a id  of Eq. (3 )  

Equations  (13a,   b) may be   i n t roduced   i n to  Eq. (14) . A f t e r  
s i m p l i f i c a t i o n ,   t h e   r e s u l t  i s  g iven  by: 

= (-1) i { r l  [si] 

where 

18 



Then t h e   c i r c u l a t i o n   m e a s u r e d   i n   t h e   w i n d   t u n n e l  w i l l  converge 
t o   t h e  free a i r  va lue  i f  t h e   d i f f e r e n c e   b e t w e e n   t h e  t w o ,  J,  w i l l  
vanish.   For  m i t e r a t i o n s  J is  expressed by: 

Mathematically it i s  n e c e s s a r y   t o  show t h a t  T is  convergent ,  
i .e. ,  

where I O 1  is  a zero   mat r ix  

A necessa ry   and   su f f i c i en t   cond i t ion   fo r   t he   conve rgence  of T 
is  f o r   t h e   s p e c t r a l   r a d i u s   o f  T t o   b e  less than  one [ 2 1 ] .  

I n   gene ra l  it may be d i f f i c u l t   t o  compute the   e igenva lues ,  A m ,  
due t o  t h e  complexity of t h e   m a t r i x  T .  An e q u i v a l e n t   c o n d i t i o n   t o  
the convergence  of T i s  f o r  any m a t r i x  norm of T to be less than 1. 
This  cond i t ion  i s  i l l u s t r a t e d  by the   fo l lowing .  

o r  
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where Tij are unders tood   to   be   the   e lements   o f  T. 

I n  the wind   tunnel   p roblem  the   mat r ix  T relates the   geomet r i e s  
o f   t h e  model t o   t h o s e   o f   t h e   t u n n e l .  The range of t h e  relative 
s i z e s  of the  tunnel   and  models   for   which  the  system  converges w i l l  
have t o   b e   a n a l y z e d   w i t h  specific conf igu ra t ions .  When t h i s   s t u d y  
i s  c a r r i e d   o u t ,   a t t e n t i o n   s h o u l d   b e   g i v e n   t o   p o s s i b l e   r e d u c t i o n  
of ma t r ix  s i z e  due t o   p h y s i c a l  symmetry. 

On t h e   b a s i s   o f  two  examples ,   presented  in   the  Appendix,   the  
cond i t ions   fo r   t he   conve rgence   o f  T are n o t   e x p e c t e d   t o   p r e s e n t  
any p r a c t i c a l   1 i m i t a t i o n . o n   t h e   u s e   o f  a g iven   tunnel .   In  a two 
dimensional case which i s  d i s c u s s e d   f u r t h e r   i n   t h e   n e x t   s e c t i o n ,  it 
w a s  found   t ha t   t he   cond i t ion   fo r   conve rgence  is s a t i s f i e d   e v e n   f o r  
wind t u n n e l s  whose h e i g h t  i s  e q u a l   t o  the model  chord.   In  the 
second  example  of  the  Appendix,  computed  values  for a s i m p l i f i e d ,  
th ree   d imens iona l  case demons t r a t e   t ha t   t he   f eedback  model is gener- 
a l ly   convergent .   Spec i f ic   des igns ,   however ,  w i l l  have t o  be   s tud ied  
i n  more d e t a i l .  

Two Dimensional  Approach.-As  discussed  above,  the  analysis i s  
desc r ibed  as a s t e p w i s e   p r o c e s s ,   a l t h o u g h   i n   p r a c t i c e  it may be 
continuous.  The s t e p s  are des igna ted  by t h e   i n d e x  i and  each  one 
con ta ins  two pa ths  as i l l u s t r a t e d   i n   t h e   f e e d b a c k  model i n   F i g .  2 .  
I n  t h e  forward  path t h e  l i f t  is measured i n  a g iven   conf igura t ion  
of  the  model,   angle  of  at tack  and  the  wind  tunnel  dynamic  pressure.  
The l i f t   c o e f f i c i e n t ,  C R  i s  used t o  compute t h e   a p p r o p r i a t e  j e t s  

o f   t h e   a c t i v e  w a l l  system. I n   t h e   f e e d b a c k   p a t h ,   t h e   c o n t r o l l e d  
i 

flow is  in t roduced  a t  t h e  w a l l .  The 
and a new value  of  l i f t  c o e f f i c i e n t ,  

The a n a l y t i c a l   r e l a t i o n   b e t w e e n  
c t o  t h e  l i f t  c o e f f i c i e n t   o f   t h e  

l i f t  on- the-model  i s  changdd 
C w i l l  be  measured. 

%+-I 
t h e  new l i f t  c o e f f i c i e n t  
p r e v i o u s   s t e p ,  i s  des- cI1 .I 

2 

c r i b e d  as fol lows:  The f l i g h t   v e h i c l e  i s  r ep resen ted  by a s imple 
v o r t e x   a t  i t s  quar te r   chord ,   and  i t s  boundary  condition i s  satis- 
f i e d  a t  i t s  3/4 chord. The normal   ve loc i ty  a t  t h a t   p o i n t  is t h e  
sum o f   v e l o c i t i e s   d u e   t o   e a c h   i n f l u e n c e   i n   t h e   f i e l d  as i l l u s t r a t e d  
i n   F i g .  5. These are t h e   v e l o c i t y   d u e   t o   t h e  wing i tself  and   the  
normal  component  of t h e  free s t ream as i s  usua l ly  done i n  t h e  free 
a i r  case. I n   t h e   p r e s e n c e   o f   t h e  wind tunne l  w a l l s  a t h i r d  compo- 
n e n t   r e p r e s e n t s   t h e   e f f e c t   o f   t h e  walls.  This  flow  component  can 
be   ca l cu la t ed  by the method  of  images i n  t h e  usua l  way. A f o u r t h  
v e l o c i t y  component  which i s  in t roduced  a t  t h e  model 3/4 chord 
r e s u l t s  from the   f l ow  th rough   t he   t unne l   wa l l s .  T h i s  l a t t e r  flow 
is r e g u l a t e d  a t  w i l l  through t h e  w a l l .  The sum o f   t h e s e   v e l o c i t i e s  
is given by the  fol lowing:  
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CONTROL SURFACE 

Figure  5. Mathematical   analogy of t h e  minimum 
i n t e r f e r e n c e  wind   t unne l   i n  t w o  
dimensions.  
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%+l i 

It  should be n o t e d   t h a t   t h e   i n d e x  of the   ve loc i ty   i nduced  by t h e  
model is  i + 1 w h i l e   t h e  je ts  a t  t h e  w a l l  were computed  on t h e  
bas i s   o f   t he   p rev ious   va lue   o f  l i f t  c o e f f i c i e n t   i n   t h e  ith s t e p .  

Using t h e  method  of  images, it may be shown t h a t   t h e   v e l o c i t y  
induced by t h e  w a l l s  on   the  3/4 chord   po in t  i s  g iven  by t h e  
fol lowing:  

'm 

' w a  z z %+l 
= c  - 

2Tr K 

where t h e   f u n c t i o n ,  K ,  r e p r e s e n t s   t h e  sum o f   t h e   i n f i n i t e  number of 
images  which s a t i s f y   t h e   b o u n d a r y   c o n d i t i o n  a t  t h e  w a l l .  K may be 
computed by 

The c o n t r o l l e d   f l o w   t h r o u g h   t h e   s u r f a c e  i s  made t o  match  the  f low 
due t o   t h e  model t h a t  would e x i s t  a t  t h e  w a l l  p r o x i m i t y   i n   f r e e  
a i r .  I t  may be   ca lcu la ted   mathemat ica l ly  by  images o u t s i d e   t h e  
tunnel .  The  flow  induced  by  the w a l l  j e t s  a t  t h e  model 3/4 chord 
i s  g iven  by: 

S u b s t i t u t i n g  E q s .  ( 2 2 )  and ( 2 4 )  i n t o  Eq. (21) and  expressing  the 
ve loc i ty   induced  by t h e  model i n  terms o f   t h e   l i f t   c o e f f i c i e n t  
r e s u l t s ,   a f t e r   s i m p l i f i c a t i o n ,   i n :  

C - 2 Tra K 
%+l 

"- 
1 - K  l-K 

2 
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This   r ecu r s ion   r e l a t ion   does   no t   necessa r i ly   imp ly  a d i s c r e t e  
p rocess   r a the r   t han  a cont inuous  one  but  it is in t roduced  as a 
conven ien t   dev ice   t o   p rove   t he   conve rgence   o f   t he   t echn ique .   Fo r  
n i t e r a t i o n s  Eq. (25)  may b e   w r i t t e n  as: 

2ra 
1 - K  

2 
cg - - - [l - [A] + [A] - ...I + 

n 

+ (-1y c 

T h i s   a l t e r n a t i n g   g e o m e t r i c a l  series c o n v e r g e s   t o   t h e   f r e e  a i r  va lue  
of 2 m  p r o v i d e d   t h a t   t h e   f u n c t i o n  K is less than  one  half .   Simple 
c a l c u l a t i o n  w i l l  show t h a t   t h i s  i s  indeed   the  case when t h e   r a t i o  
of  model  chord t o   t u n n e l   h e i g h t  is  less than  1. 

I t  is  o f   i n t e r e s t   t o   n o t e   t h a t   i n   t h i s   t h e o r e t i c a l   m o d e l ,   g i v e n  
an i n i t i a l   v a l u e   o f   l i f t   c o e f f i c i e n t  and   an   e r ror  bound  on t h e  de- 
s i red   accuracy ,   one  may compute t h e  number o f   i t e r a t i o n s   n e c e s s a r y   t o  
t o   ob ta in   t he   approx ima te   f r ee  a i r  l i f t   c o e f f i c i e n t .  Even i n  a 
c o n t i n u o u s - t e s t i n g   f a c i l i t y   t h e  number o f   i t e r a t i o n s  may b e   r e l a t e d  
t o   t h e   r e q u i r e d   r u n  t i m e  t o   o b t a i n   t h e   f r e e  a i r  cond i t ion .  Such 
an   ana lys i s  of course   depends   on   the   par t icu lar   des ign   and  
conf igu ra t ion .  

Th i s   p roo f   app l i e s   t o   t he   i dea l   ca se   where   t he   i n j ec t ion  i s  
c o n t i n u o u s l y   d i s t r i b u t e d .  Both mass  flow  and momentum a c r o s s   t h e  
c o n t r o l   s u r f a c e  w i l l  then  be  matched  with  f ree  a i r  c o n d i t i o n s   t o  
o b t a i n  a p e r f e c t   s i m u l a t i o n .  

Practical  Cons idera t ions  

I n  p r a c t i c e   t h e   f l o w  i s  i n j e c t e d   t h r o u g h   d i s c r e t e   h o l e s   i n   t h e  
wal l  so t h a t ,   i f   t h e  mass f low is  matched  over  an  area,  i ts  momentum 
is  g r e a t e r   t h a n   t h a t   o f   t h e   i d e a l   c a s e .   A l t e r n a t i v e l y ,   t h e   i n t e g r a l  
of t h e  momentum o f   t he   i dea l   f l ow  th rough   t he   su r f ace  may be  equated 
t o   t h e  momentum t h r o u g h   t h e   d i s c r e t e   h o l e s   r e s u l t i n g   i n  a mass m i s -  
match. The r a t i o   g i v e n  by t h e   a r e a   o f   t h e   h o l e s   i n   t h e   p o r o u s  
w a l l s   t o   t h e   t o t a l   a r e a   o f   t h e  w a l l  w i l l  b e   h e n c e f o r t h   r e f e r r e d   t o  
as p o r o s i t y .  I t  f o l l o w s   t h a t   t h e   d e s i g n   o f  a minimum c o r r e c t i o n  
wind tunnel  may b e   c o n s t r u c t e d   o n   t h e   p r i n c i p l e   o f   e i t h e r  momentum 
flow  matching  or mass flow  matching. 
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Momentum Flow.Matching.-A minimum c o r r e c t i o n  wind tunne l  may 
be des igned   t o   ma tch   t he  momentum f l o w .   I n   t h i s  case t h e  momentum 
through  each  segment   of   the   wind  tunnel   surface i s  equated t o  t h e  
momentum f l o w  through  the  porous area of t h a t  segment.  Conse- 
quent ly ,  a d e f i c i e n c y  of mass f l o w  would r e s u l t  and   t he  force on 
t h e  model  would be undercorrected.  As t h e  w a l l  p o r o s i t y   i n c r e a s e s  
the  mismatch  between  the mass f low  and   the  momentum flow w i l l  
decrease.  

In   each   segment ,   the  momentum matching may be  expressed math- 
ema t i ca l ly  by: 

I V H 2 d   A H  = I V 2  d A 

where V is  t h e   v e l o c i t y   t h r o u g h   t h e  w a l l  i n   t h e   f r e e  a i r  case and 
V is  t h e   v e l o c i t y   i n   t h e   a c t i v e  w a l l  through  the  open area. H 

I f   each  segment  i s  s u f f i c i e n t l y   s m a l l   t h e   f l o w   v e l o c i t y   t h a t  
would e x i s t   i n   f r e e  a i r  throughout   the  segment   locat ion is approx- 
imate ly   cons tan t .   Equat ion  ( 2 7 )  may then   be   eva lua ted  as fol lows:  

V H 2 A H  V 2  A 

then  

V H 2 V P  - - 1 / 2  f o r  P > 0 

where P is t h e  w a l l  p o r o s i t y .  

Consequen t ly ,   i n   o rde r   t o   ob ta in  momentum f low  matching  the 
flow a t  each  segment is  regu la t ed   t o   ma tch  V H  of E q .  ( 2 9 ) .  

The expec ted   e r ror   in   measured  l i f t  as a func t ion   o f   bo th   t he  
p o r o s i t y  and t h e  model  chord t o   t u n n e l   h e i g h t   r a t i o  i s  given by 
the   fo l lowing   approximate   ana lys i s .  

The e r r o r   a s s o c i a t e d   w i t h  a p r a c t i c a l   d e s i g n   o f   a n   a c t i v e  w a l l  
wind tunne l  may be   expressed   in  terms o f   t h e  mass f low  de f i c i ency  
when t h e  momentum f low i s  matched. A t  some d i s t a n c e  from t h e  w a l l  
t h e  mass f low  de f i c i ency  may be  expressed as a con t inuous   ve loc i ty  
f i e l d :  
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I E  P )  dA = \ V dA - I ‘H d A H  

T h i s   i n t e g r a l   r e l a t i o n  i s  c o r r e c t  when the   f l ow  does   no t   r eve r se  
i t s  d i rec t ion   th roughout   the   segment .   Us ing   the  earlier assumption 
that   each  segment  i s  small a n d   s u b s t i t u t i n g  Eq. ( 2 9 )  i n t o  Eq. (30) 
w i l l  r e s u l t ,   a f t e r   s i m p l i f i c a t i o n ,   w i t h   t h e   f o l l o w i n g :  

Equat ion  (31)   expresses  a m e a s u r e   o f   t h e   v e l o c i t y   e r r o r   t h a t   e x i s t s  
a t  some d i s t a n c e  from t h e   w a l l .  

E r e p r e s e n t s   t h e   v e l o c i t y   d i f f e r e n c e   n e a r   t h e   t u n n e l  w a l l  
be tween   the   des i red   f low  for  a p e r f e c t   s i m u l a t i o n   a n d   t h e   e x i s t i n g  
f low a t  a g iven   po ros i ty .  When the   po ros i ty   app roaches   un i ty  
( i . e . l  1 0 0  percent   o f   p roper ly   regula ted   f low)   the   ve loc i ty   e r ror  
v a n i s h e s   a s   e x p r e s s e d   i n  Eq. ( 3 1 ) .  E equa l s   t he   ve loc i ty   i nduced  
by t h e   w a l l  when the   po ros i ty   van i shes .   Fo r   t hese   r easons  E may 
r e p l a c e   t h e   v e l o c i t y   d u e   t o   t h e   w a l l   a n d   t h a t   d u e   t o   t h e   c o n t r o l l e d  
flow  which were used i n   t h e   i d e a l   c a s e   o f   t h e   p r e v i o u s   a n a l y t i c a l  
s e c t i o n .  

The c o n t r i b u t i o n s   t o   t h e   v e l o c i t y   e r r o r  from a l l   t h e  w a l l  
segments may be  provided  mathematically by a v o r t e x  l a t t i c e  analogy 
s i m i l a r   t o   t h e   c o n t r o l l e d   f l o w   r e p r e s e n t a t i o n   o f   t h e   a c t i v e   w a l l  
i n  t h e  p rev ious   s ec t ion .  With appropr i a t e   t r ans fo rma t ion ,  G ,  t h e  
e f f e c t   o f   t h e   v e l o c i t y   e r r o r   n e a r   t h e  w a l l  may be  introduced a t   t h e  
M vehicle   boundary  points .  The measured l i f t  on   t he  body f o r  a 
g iven   po ros i ty  may be  computed  by the   fo l lowing  ma t r ix  r e l a t i o n :  

where VE is an  ILr dimensional column m a t r i x   r e p r e s e n t i n g   t h e   v e l o c i t y  
e r r o r  a t  each   vor tex   r ing   which  i s  de f ined  by E q .  (31 ) .  The c i r cu -  
l a t i o n  computed by Eq. (32)   provides   the  expected l i f t   i n  a n   a c t i v e  
w a l l  wind tunne l   w i th  a g iven   poros i ty .  
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A t w o  dimensional case may be simply  analyzed as follows: 
The s imple flow analogy of a v o r t e x  a t  t h e  C/4 po in t   and   t he  body 
boundary  condition a t  3/4 C may be used   to   approximate   the  effect  
of t h i s   v e l o c i t y   e r r o r   o n   t h e   m e a s u r e d  l i f t .  F igu re  6 i l l u s t r a t e s  
t h e  f low model of i n t e r e s t .  

T I  

Figure  6 .  Mathematical  model  of two dimensional 
w a l l   i n t e r f e r e n c e  as a func t ion   o f   po ros i ty .  
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S u b s t i t u t i n g  Eq. ( 3 4 )  i n t o  Eq. ( 3 3 )  and  expressing  the  induced 
v e l o c i t i e s   i n  terms o f   t h e   l i f t   c o e f f i c i e n t   g i v e s ,  af ter  s i m p l i f i -  
c a t i o n , ,   a n   e x p r e s s i o n   f o r   t h e   c h a n g e   i n   l i f t   i n   t h e   t u n n e l :  

" 

Ca 
- 

m 1 - [l - K 
( 3 5 )  

I t  should   be   po in ted   ou t   aga in   tha t  Eq. ( 3 5 )  s a t i s f i e s  two 
l i m i t i n g  cases o f   po ros i ty .  When the   poros i ty   approaches   zero  
(corresponding  to  a c losed   wa l l  wind t u n n e l ) ,  Eq. ( 3 5 )  is  reduced 
t o   t h e   c l a s s i c a l   a p p r o x i m a t e   w a l l   i n t e r f e r e n c e   r e l a t i o n  [l]. When 
the   poros i ty   approaches   un i ty ,   the   cor responding   phys ica l   case  i s  
a pe r fec t   con t ro l   o f   eve ry   po in t   on   t he   con t ro l   su r f ace  and t h e  
measured l i f t  a p p r o a c h e s   t h e   f r e e  a i r  va lue .  

Mass Flow Matching.-In t h i s  approach ,   t he   su r f ace   o f   t he   t unne l  
i s  divided  into  segments ,   each  of   which i s  made t o  match t h e  mass 
f l o w   t h a t  would e x i s t   i n   t h e   a b s e n c e   o f   w a l l s .  The momentum in jec-  
ted   o r   ex t rac ted   th rough  each   segment  w i l l  b e   l a r g e r   t h a n   t h a t  of 
f r e e   a i r .  The excess  momentum causes   an   ove rco r rec t ion   t o   t he  
measured  force  on  the  model.  This e f f ec t  i s  s i m i l a r   t o   t h a t   o b s e r -  
ved i n  open  wind t u n n e l s   i n  which t h e  momentum wake d e f l e c t s  
through a l a r g e r   a n g l e   t h a n   t h a t   o f   f r e e   a i r .  

The computed  mass flow  through  each w a l l  segment i s  r e g u l a t e d  
through  separa te  plenum  chambers  behind the   ind iv idua l   segment .  
While t h e  amount of mass flow i s  independent   o f   the   poros i ty ,  
lower  values   of   porosi ty  would  produce jets w i t h   i n c r e a s i n g l y  
h igher  momentum and t h e   a s s o c i a t e d   l a r g e r   i n t e r f e r e n c e .  

The f l o w   e r r o r   a n a l y s i s  may fol low similar l o g i c   t o   t h e   o n e  
used i n   d e f i n i n g   t h e   e r r o r   f o r  momentum f low  matching .   In   th i s  
case, however, t h e r e  i s  an  apparent   excess   mass   f low  through  the 
wal l   which   cor responds   to   the   excess  momentum i n  t he   po rous  area. 

Consequent ly ,   in   each   wal l   segment   the   excess  mass f low  over  
t h e  amount t h a t  w i l l  produce a momentum match may be  expressed by: 
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The g e n e r a l   e r r o r   a n a l y s i s   t h e n   p r o c e e d s   i n  a similar way t o   t h e  
one   p resented   for  momentum matching.  For a two dimensional case 
t h e  l i f t  i n t e r f e r e n c e  i s  g iven  by: 

I t  is  a p p a r e n t   i n   t h i s   s i m p l i f i e d   a n a l y s i s   t h a t  when t h e  mass 
flow is  matched the  measured l i f t  w i l l  be   lower  than  that   which i s  
measured i n   f r e e  a i r .  

Wall Jets.-As a n   a d d i t i o n a l   n o t e   t o   t h e   a n a l y t i c a l   s t u d y ,   t h e  
mechanism  of i n j ec t ion   and   ex t r ac t ion   o f   f l ow  th rough   t he   con t ro l  
s u r f a c e  is  reviewed. While f l o w   e x t r a c t i o n  may b e   s u f f i c i e n t l y  
r ep resen ted  by a mathematical   analogy of a s i n k  [ 2 2 ] ,  i n j e c t i o n  
of  flow may not   be   represented  by a p o t e n t i a l  model of a source.  
A d i f f e r e n c e   i n   t h e   p h y s i c a l  phenomena is apparent  by the   fo l lowing  
example: t h e  human body  would s u f f o c a t e   i n  i t s  s l e e p   i f   i n h a l i n g  
would  have  been t h e   t r u e   i n v e r s e   o f   e x h a l i n g .  

I n j e c t i o n   o f   f l o w  i n  t h e  minimurn c o r r e c t i o n  wind tunne l  may 
be   descr ibed  as the   in t roduct ion   of   normal  j e t s  i n t o  a uniform 
f low.   This   subjec t  w a s  t h e   t o p i c   o f  numerous papers  [ 2 3 , 2 4 ] ,  b u t  
remains  an  open  quest ion  to   date .  

The ex tens ive   expe r imen ta l   i nves t iga t ion  on  normal j e t  i n t o  a 
un i fo rm  f low  ind ica t e s   t h ree   r eg ions   i n   t he  j e t  t r a j e c t o r y .  A t  
t h e   i n i t i a l   s t a g e   t h e   s h a p e  of t h e   c r o s s   s e c t i o n  i s  approximately 
p re se rved .   In   t he   nex t   r eg ion ,   t he  j e t  i s  highly  curved  and i t s  
c r o s s   s e c t i o n  i s  d i s t o r t e d   i n t o  a k idney   shape .   F ina l ly ,   t he  j e t  
c r o s s   s e c t i o n   r o l l s   i n t o  a v o r t e x   p a i r   a n d   t h e  j e t  a p p e a r s   t o  
approach  the  direct ion  of   the  uniform  f low.  

The governing  parameters  are: 

(1) P r e s s u r e   e f f e c t s  from the  uniform  flow  on  the j e t  
are s i g n i f i c a n t   i n   b e n d i n g   t h e  j e t  i n   t h e   p r e l i m -  
i n a r y   s t a g e s  . 

( 2 )  F l u i d  from o u t s i d e   t h e  j e t  i s  e n t r a i n e d  by v i scous  
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mixing  on  the  per iphery of t h e  j e t  wake. This  
mechanism a p p e a r s   t o   b e   s i g n i f i c a n t   i n   t h e  
shaping   of   the  j e t  t r a j e c t o r y .  

( 3 )  V o r t i c i t y  i s  gene ra t ed   on   t he  j e t  boundary  which 
r o l l s  up i n t o  a v o r t e x   p a i r .  

A n a l y t i c a l   t r e a t m e n t  of t h e   p r o b l e m   n e c e s s i t a t e s  a d e s c r i p t i o n  
o f   t he ' en t r a inmen t   and   p re s su re  mechanisms  which  appear t o  have a 
s i g n i f i c a n t  effect  on  the j e t  t r a j e c t o r y .   A t t e m p t s   t o   s o l v e   t h e  
problem to   da t e   have   r e l i ed   on   s emi -empi r i ca l   t echn iques .  A widely 
accepted   empir ica l  j e t  t r a j e c t o r y   d u e   t o  Margason [25] w a s  used i n  
t h e   s e l e c t i o n   o f   t h e  j e t  diameter fo r   t he   expe r imen ta l   s tudy .  The 
a n a l y s i s   a s s u r e d   t h a t   t h e  w a l l  j e t s  would n o t   h i t   t h e  model. 

F o r   t h e   p u r p o s e   o f   t h e   a c t i v e  wind t u n n e l s ,  two a r e a s   o f  
i n t e r e s t  were reviewed. 

The d isp lacement   e f fec t   o f   the   incoming je t s  w a s  modeled  by a 
poten t ia l   f low  ana logy   of  a source.  I t  w a s  found,  however,  that 
d i sp l acemen t   e f f ec t s  a t  t he   p rox imi ty   o f   t he  wind t u n n e l   c e n t e r  were 
n e g l i g i b l e .  

When t h e   p r e s s u r e   f o r c e s  on a j e t  a r e   e q u a t e d   t o   t h e   c e n t r i -  
f u g a l   f o r c e s ,  i t  is  p o s s i b l e   t o  compute a n   e f f e c t i v e   c i r c u l a t i o n  
which i s  g e n e r a t e d   a t   t h e  j e t .  This  approach w a s  suggested by 
Wooler [26] a n d   t h e   c i r c u l a t i o n  i s  given  by: 

The r ad ius   o f   cu rva tu re   o f   t he  j e t  w a s  computed using  Marga-. 
s o n ' s   e m p i r i c a l   r e l a t i o n .  The c a l c u l a t i o n s  showed,  however, t h a t  
t h e   v o r t i c i t y   e f f e c t s  on t h e  f a r  f i e l d  ( i . e . ,  i n   t h e   v i c i n i t y   o f  
t h e   m o d e l )   a r e   n e g l i g i b l e   f o r   t h e  j e t  v e l o c i t y  and j e t  diameter  i n  
t he   ac t ive   t unne l   sys t em.  

The impl ica t ion   of   the   above   d i scuss ion  is  t h a t   f l o w   i n j e c t i o n  
should  be  through a l a r g e  number of  small  je ts  which w i l l  r e s u l t  
i n  a r e l a t i v e l y  low r a t i o   o f  j e t  v e l o c i t y   t o   f r e e   s t r e a m   v e l o c i t y .  
This   des ign  would l i m i t  t h e   r e g i o n  of tu rbu len t   v i scous   mix ing   t o  
t h e  w a l l  proximity.  

29 



EXPERIMENTAL STUDY 

Des ign   Cons idera t ions  

Exper imenta l   eva lua t ion   of   the   concept  was c a r r i e d   o u t   u t i l i z -  
ing  a two dimensional model f o r  i ts  s impl i c i ty .   In j ec t ion   and   ex -  
t r a c t i o n   t h r o u g h   t h e  w a l l s  were c a r r i e d   o u t   w i t h  a p a t t e r n   o f   h o l e s  
so t h a t   t h e   a c t i v e  w a l l  j e t s  were three-dimensional .  

Consequent ly ,   the  method  of  f low  control  through  porous  walls 
is i d e n t i c a l   t o   t h a t   w h i c h  would be  implemented i n  a t h r e e  dimen- 
s iona l   t unne l   wh i l e   t he   necessa ry   co r rec t ions   a r e   s imp le .  I n  t h i s  
case, two dimensional tests provide  a more d i r ec t   app roach   t han  
three   d imens iona l  tests to   i nves t iga t e   des ign   pa rame te r s   r ep resen ted  
by the   concepts   o f  mass matching  and momentum matching   and   the   e f fec t  
o f   poros i ty  on such a wind tunne l .  

A cons t ruc t ion   o f  a wind   tunnel   wi th   ad jus tab le   f loor   and  
c e i l i n g   p e r m i t t e d   t h e   v a r i a t i o n   o f   t h e   t u n n e l   n e i g h t  from  twelve 
times t h e   c h o r d   t o  twice the   chord .  The v a r i a t i o n   o f   t h e   t u n n e l  
h e i g h t   r e p r e s e n t s  two l i m i t i n g  cases. The one case wi th   tunnel  
height   of   twelve times the   chord  may be t a k e n   a s  a c lose   approxi -  
m a t i o n   t o   f r e e   f l i g h t   c o n d i t i o n s ,   w h i l e   t h e  l a t t e r  case   o f   tunnel  
h e i g h t   e q u a l   t o  twice t h e  model  chord  represents  an  extremely  small  
tunnel.  Such a tunne l  i s  probably smaller than   tha t   which  would  be 
u s e d   f o r   p r a c t i c a l   r e s e a r c h  work. 

The cont ro l led   f low  requi rement  w a s  computed by a simple  poten- 
t i a l   f l o w  model.  For t h i s  two dimensional   experiment   the  necessary 
amount of f low  through  the  wal l  was on the   o rder   o f   four   percent  
of the   tunnel   f low.  The amount  of  flow  would  depend  of  course  on 
t h e   e x a c t  model conf igu ra t ion  and l i f t   c o e f f i c i e n t .  

The advantage of t h e   v a r i a b l e   h e i g h t  wind t u n n e l   t o   s t u d y   t h e  
concept  of minimum c o r r e c t i o n  wind tunne l  i s  t h a t  a l l  t he   necessa ry  
appara tus  is  se l f - con ta ined .  The model i s  p l a c e d   i n   e f f e c t i v e l y  
t h e  same e x p e r i m e n t a l   f a c i l i t y   t o   p r o v i d e   a p p r o x i m a t e   f r e e   a i r  
d a t a ,   d i s t o r t e d   d a t a   d u e   t o  w a l l  c o n s t r a i n t s   i n  a small   tunnel ,   and 
f i n a l l y   t h e   d a t a  of the  proposed new wind tunne l .  The same model, 
i n s t rumen ta t ion  and  Reynolds' number were used i n  a l l  s t u d y   s t a g e s .  

30 



Test Setup  and  Procedure 

A pro to type  minimum correc t ion   wind   tunnel  was cons t ruc t ed  by 
i n s t a l l a t i o n   o f  movable f l o o r  and c e i l i n g   i n   a n  8 x 1 ( f t  x f t )  sub- 
s o n i c  wind tunne l .  A s k e t c h   o f   t h i s   t u n n e l  is  g i v e n   i n   F i g .  7.  The 
same a i r f o i l  model w a s  used  throughout a l l  the   exper imenta l  tests. 
The  model used  had  an  e ight   inch  chord.  

The f l o w   q u a l i t y   i n  terms of   p ressure   g rad ien ts   and   f low angu- 
l a r i t i e s  w a s  e v a l u a t e d   i n   t h e   t u n n e l   a t   e a c h   s t a g e   o f   t h e   i n v e s t i -  
gation.  Measurements w e r e  made i n   t h e   o r i g i n a l   t u n n e l   u s i n g  s t a t i c  
p r e s s u r e   p o r t s  a t  o n e   f o o t   i n t e r v a l s   a l o n g   t h e   f l o o r   a n d   c e i l i n g  
o f   t h e   t u n n e l .   A d d i t i o n a l   s t a t i c   p o r t s  were s p a c e d   v e r t i c a l l y  a t  
two s ta t ions  approximately  seven  model   chords  upstream  and down- 
stream  from  the  model. A tube   wi th  s t a t i c  p r e s s u r e   p o r t s  a t  one 
f o o t   i n t e r v a l s  w a s  i n s t a l l e d   a l o n g   t h e   t u n n e l   c e n t e r   l i n e .  To 
e l i m i n a t e   a n y   e r r o r s   d u e   t o   m i s a l i g n m e n t   i n   t h e   t u b e ,  i t s  p o s i t i o n  
was v a r i e d  so t h a t   e a c h   p r e s s u r e   r e a d i n g  w a s  r e p e a t e d   w i t h   s e v e r a l  
s t a t i c  p o r t s  a t  t h e  same s p a t i a l   l o c a t i o n s .  A dynamic p res su re  
g r a d i e n t  of e i g h t   p e r c e n t  w a s  f o u n d   t o   e x i s t   i n   t h e   l o f t   l e n g t h  of 
t h e   o r i g i n a l  ( 8  x 1) tunne l .  

An appropriate   boundary  layer   a l lowance w a s  designed  and con- 
f i r m e d   f o r   t h e   t u n n e l  inser ts .  The i n s e r t s   c o u l d   b e   r o t a t e d   t o  
taper   the   top   and   bo t tom  of   the   smal l   tunnel .   S ta t ic   por t s  w e r e  
i n s t a l l e d   a t  o n e   h a l f   f o o t   i n t e r v a l s  on t h e   f l o o r  and c e i l i n g   o f  
t he  small t u n n e l .  P r e s s u r e  d a t a   f r o m   t h e s e   l o c a t i o n s   i n d i c a t e d   t h a t  
i n   t h e   f i n a l   i n s t a l l a t i o n  no v e l o c i t y   g r a d i e n t s  were p resen t   a long  
t h e  streamwise a x i s   o f   t h e   t u n n e l .  

S tudies   wi th   boundary   l ayer   p robe  showed t h e  w a l l  boundary 
layer   on  each w a l l  t o   b e  less than   fou r   pe rcen t   o f   t he   t unne l   w id th  
a t  t h e  model s t a t i o n   i n   t h e   t u n n e l .  

The tunnel   dynamic  pressure was found t o  have   pe r iod ic   f l uc tua -  
t i o n s .   T h i s  i s  b e l i e v e d   t o   b e   t h e   r e s u l t   o f  a poor   d i f fuser   which  
exh ib i t s   pe r iod ic   f l ow  sepa ra t ion   and   r e -a t t achmen t .   Spec ia l  care 
w a s  t a k e n   t o   m o n i t o r   t h e  dynamic p r e s s u r e  a t  t h e  t i m e  o f   da t a  
recording.   For   each  configurat ion  ample  run t i m e  w a s  a l l o w e d   t o  
observe  s teady s ta te  cond i t ions   and   t o   a s su re   cons i s t ency   o f   da t a  
record ing .   Severa l   runs  were made a t  each   conf igura t ion   and   s ign i -  
f i c a n t   d e p a r t u r e s   o f  mean flow  parameters  due  to  dynamic  pressure 
su rges  w e r e  d i scarded .  
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F i g u r e  7 .  Schematic of t h e  minimum 
i n t e r f e r e n c e   w i n d   t u n n e l .  
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F o r   t h e   a c t i v e  w a l l  wind tunne l   t he   con t ro l   su r f ace   ex tended  
f o u r  and  one-half  model  chords  upstream  and  four  and  one-half  model 
chords  downstream  from  the  model.  This i s  i l l u s t r a t e d  by t h e  con- 
t r o l l e d   s e g m e n t s   o f   t h e   f l o o r   a n d   c e i l i n g   i n   F i g .  7. Twenty-four 
plenum  chambers were used t o   r e g u l a t e   t h e   f l o w   t h r o u g h   t h e   s u r f a c e .  

The porous  plates   which  cover   each plenum  chamber w e r e  re- 
movable so tha t   t he   po ros i ty   . cou ld   be   va r i ed  by i n s t a l l a t i o n   o f   a n  
a p p r o p r i a t e  s e t  of p l a t e s .  

The f low  in to   o r   f rom  each  plenum  chamber w a s  genera ted  by 
two blowers. The flow w a s  c o n t r o l l e d  by  manual values  and  monitored 
with  f low meters. 

For   t he   p ro to type  wind tunne l   u sed   i n   t h i s   s tudy ,   ad jus tmen t  
o f   f l ow  in   one   l i ne  was r e f l ec t ed   i n   f l ow  changes   o f   t he  rest of 
t h e   f l o w   l i n e s   c o n n e c t e d   i n t o   t h e  same blower. Two t o   t h r e e  com- 
p l e t e   i t e r a t i o n s   o f   v a l v e   a d j u s t m e n t s  w e r e  n e c e s s a r y   t o   o b t a i n  
the   des i r ed   f l ow  cond i t ion   fo r   each  model conf igu ra t ion .  

F o r   t h e   a c t i v e   t u n n e l   p o r t i o n s   o f   t h e  t es t ,  t he   p rope r  amount 
of  blowing was se t  u s i n g   t h e   f r e e   a i r   p o t e n t i a l  model f o r   t h e   g i v e n  
wind tunnel   dynamic  pressure  and  the  actual  l i f t  measured on t h e  
model. Then the  f low  through t h e  a c t i v e  w a l l  was he ld   cons t an t  
whi le   the  model ang le   o f   a t t ack  was var ied   th rough t e n  ang le   i nc re -  
ments .  This  procedure  provided a range  of l i f t   v a l u e s  on t h e  model 
f o r  a c o n s t a n t   i n j e c t i o n  rate.  The r e s u l t s   o f   t h e s e  tests f o r  a 
g iven   conf igura t ion  of a c t i v e  w a l l s  were ana lyzed   fo r   da t a   cons i s -  
tency. The d a t a  of  i n t e r e s t  were t h e  ones   i n   wh ich   t he   ac t ive   wa l l  
system w a s  se t  i n   a c c o r d a n c e   w i t h   t h e   a c t u a l  model l i f t .  The l i f t  
c o e f f i c i e n t   f o r  a g iven   angle   o f   a t tack  w a s  a d j u s t e d   i n  a f e w  
c a s e s   t o  conform w i t h   t h e   f a m i l y - o f   r u n s   f o r  a c o n s t a n t   a c t i v e   w a l l  
se t t ing .   This   t echnique   reduced  t h e  p o s s i b i l i t i e s  of e r r o r  i n  t h e  
a c t i v e   w a l l   d a t a .  

Smoke was u t i l i z e d   a s  a spot   check t o  a s s u r e   t h a t   t h e  j e t  
mixing  region was c o n f i n e d   t o   t h e   f a r   f i e l d   w i t h   r e s p e c t   t o  t h e  
model. 

I n i t i a l  tests were made w i t h   t u n n e l   w a l l   p o r o s i t y   o f   f i v e  
p e r c e n t   a n d   l a t e r  tests were made wi th  w a l l  poros i ty   o f   approxi -  
mate ly   th i r ty-one   percent .  

L i f t   d a t a  w a s  t aken   u t i l i z ing   chordwise   p re s su re   t aps  a t  t h e  
midspan  of  the  model.  Data were photographical ly   recorded  and 
punched in to   cards   a f te r   each   run .   Reduct ion   of   da ta   and   da ta  
a n a l y s i s  was performed by a d i g i t a l  compute r .   I n   o rde r   t o   i n t eg ra t e  
the   p re s su re   da t a   po lynomia l s  w e r e  f i t t e d   n u m e r i c a l l y   t o   t h e   d i s -  
crete data p o i n t s .   P o l y n o m i a l s   o f   s e v e r a l   ( u p   t o   f i f t h   o r d e r )  were 
used t o   a s s u r e   t h e   a c c u r a c y   o f   t h e   f i n a l   i n t e g r a t i o n .  
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Tests w e r e  run   w i th  a dynamic  pressure  of  twelve  pounds  per 
squa re   foo t  a t  a Reynolds' number o f  0 .4  x l o 6 .  The model used w a s  
a symmetrical a i r f o i l   s e c t i o n  NACA 65A015. 

Act ive  Wall   Instrumentat ion.-As  out l ined  above,   the   f low 
through  the  w a l l   w a s  d i s t r ibu ted   th rough  twenty- four  plenum  chambers. 
Manual v a l v e s  were d e s i g n e d   t o   o b t a i n  good  f low  cont ro l   in   each   of  
the   twenty- four   l ines .   Cont ro l  w a s  provided by r o t a t i o n   o f  a d i s c  
i n   t h e   f l o w   l i n e   w i t h   p r o v i s i o n s   t o   l o c k   t h e  disc  when a d e s i r e d  
flow was achieved.  

Or i f ice   type   f low meters were des igned   in   accordance   wi th  ASME 
s t anda rds .  The diameter r a t i o  between t h e   o r i f i c e   o p e n i n g   t o   t h e  
p ipe  was 0.65.  Each  flow meter w a s  i n d i v i d u a l l y   c a l i b r a t e d .  The 
c a l i b r a t i n g   u n i t  w a s  a ventur i   shaped   p ipe   wi th  a p i t o t   t u b e  a t  i t s  
t h r o a t .  The v e l o c i t y   p r o f i l e  was assumed t o   b e   f l a t  a t  t h e   t h r o a t  
so t h a t   t h e  volume flow  (assuming  incompressible  and  irrotational 
f l o w )   t h r o u g h   t h e   c a l i b r a t i n g   u n i t   c o u l d   b e   p r e d i c t e d .  The c a l i -  
b r a t i n g   u n i t  was i n s t a l l e d  i n  e a c h   f l o w   l i n e   t o   o b t a i n   t h e  volume 
f low as a f u n c t i o n   o f   p r e s s u r e   v a r i a t i o n   t h r o u g h   t h e   o r i f i c e   t y p e  
meters. A t y p i c a l   c a l i b r a t i o n   c u r v e  i s  g i v e n   i n   F i g .  8.  The 
v a r i a t i o n s   b e t w e e n   t h e   c a l i b r a t i o n   c u r v e s   o f   t h e   v a r i o u s  meters were 
smal l ,  however   each   ind iv idua l   ca l ibra t ion   curve  w a s  used i n   t h e  
tests . 

RESULTS AND D I S C U S S I O N  

Resul t s   o f   the   exper iments   a re   p resented  i n  t h e  form of l i f t  
cu rves   fo r   va r ious  model t o   t u n n e l   h e i g h t   r a t i o s  and i n j e c t i o n  
rates. I n j e c t i o n  rates range  from  complete mass f low  matching  to  
momentum flow  match. 

Several   hundred  configurat ions  and  reruns were made t o   a s s u r e  
r e p e a t a b i l i t y .  The r e s u l t s   p r e s e n t e d   h e r e  w i l l  b e   g i v e n   i n  a sum- 
mary  form only .   F igure  9 i l l u s t r a t e s   t h e   p r e s s u r e   d i s t r i b u t i o n  on 
t h e  model for   an   angle   o f   a t tack   of   approximate ly   5 .0   degrees .  
Model c h o r d   t o   t u n n e l   h e i g h t   r a t i o   o f  0 . 0 8  r e p r e s e n t s   t h e   o r i g i n a l  
tunnel,   which i s  taken as a n  approximate   f ree  a i r  flow. The r a t i o  
of 0 .5  r e f l e c t s   t h e   d a t a   i n   t h e  small tunnel   having a he igh t   o f  
twice the   chord .  

Pressure d a t a  were i n t e g r a t e d   t o   c o n s t r u c t   F i g .  1 0  which i s  a 
p l o t  of   the l i f t  curve   s lope  i n  t h e   l a r g e  and small tunne l .  The 
c l a s s i c a l   i n c r e a s e  i n  t h e   l i f t   c u r v e   s l o p e  w a s  produced. I t  should 
b e   n o t e d   t h a t   a t   t h i s  low  Reynolds '   number,   the  l inear  portion  of 
t he   cu rve  i s  ve ry   sho r t .  Measurement of t h e   s l o p e  would  depend on 
t h e   l i n e a r   a p p r o x i m a t i o n   t o   t h e   c u r v e .  The change i n   t h e   l i f t  
s lope  i s  on the   o rde r   o f  1 2  p e r c e n t ,   w h i l e   a c c o r d i n g   t o   t h e   l i n e a r  

34 



60 

I& 

50 
a. 

40 
H 

0 

W 30 
3 cn 

oc a. 
Em 

f5 10 
I” 
W 
Iz 

I3 
El 

I3 
fl 

El 
I3 

II] 

I3 
El 

13 

9 I 0 P n I 

1 2 3 4 5 6 
8 

2 2 
(VOLUME FLOW1 - (CUBIC FT-/SEC.l 

60 
LL 

50 
L 

E 2 40 
w 
t3 

5 10 
e- 

0 

B 
I3 

El 
El 

E3 

8 8 
I3 

El8 
a 

I3 
El 

m n I n I J 

I 05 1 .o 1.5 2 .o 2 05 
VOLUME FLOW CUBIC FT-/SECa 

Figure  8 .  Typical  f low meter c a l i b r a t i o n   c u r v e .  

35 

I 



W 
QI 

I 

PRESSURE 
COEFL 

RIRFOIL - 6SA-015 
RN = 0.4 1Q.Et3 
AN= OF ATTACK 4096 DE00 

8 - C/H = 0.08 e UPPER SURFRCE 
b - CIH = 0.08 LOWER SURFACE + C/H = 0.58 c UPPER SURFRCE 
X C/H = 0 m 5 Q  c LOWER SURFACE 

0 
0 

@ X  PER CENT CHORD - X I C  

Figure  9 .  Model t o   t u n n e l  r a t i o  effect  on a i r f o i l   p r e s s u r e  
d i s t r i b u t i o n .  



LIFT 

COEFF 
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i n t e r f e r e n c e   t h e o r i e s   d i s c u s s e d  ear l ier  [ 1 1  t h e   c h a n g e   i n   t h e  lift 
s lope   shou ld  be approximately 1 0  p e r c e n t .  

B e f o r e   p r o c e e d i n g   t o   d i s c u s s   t h e   r e s u l t s   o f   t h e  ac t ive  w a l l  
wind t u n n e l ,  a sample of smoke p i c t u r e s  i s  p resen ted .   F igu re  11 
i n c l u d e s  t w o  smoke pho tographs   showing   t he   r eg ion   nea r   t he   a i r fo i l .  
The p o r o s i t y   f o r   t h i s  case w a s  t h i r t y - o n e   p e r c e n t .  I t  can  be  seen 
q u a l i t a t i v e l y   t h a t   t h e   f l o w   i n   t h e  model v i c i n i t y  i s  w e l l  o rde red .  

The r eg ion  a t  which  turbulent   mixing s ta r t s  i s  shown i n   F i g .  1 2 .  

I n   F i g .  12a t h e  srnoke i s  r e l a t i v e l y   t h i n   i n d i c a t i n g   o r d e r e d  
f l o w ,   w h i l e   i n   F i g .   1 2 b   t h e  smoke l i n e  i s  t h i c k ,  which  implies 
t u r b u l e n t   m i x i n g .   F o r   t h i s  case the   mix ing   r eg ion   he igh t  is approx- 
ima te ly   s even   j e t   ho le   d i ame te r s   f rom  the  w a l l .  

A summary o f   mode l   con f igu ra t ions   u s ing   f i ve   pe rcen t   po ros i ty  
i s  g i v e n   i n   F i g .   1 3 .  The mass p r i n c i p l e   c a u s e s   a n   o v e r c o r r e c t i o n  
because o f   l a r g e  momentum mismatch  while momentum match  under- 
c o r r e c t s   t h e   f l o w .  I t  i s  i m p o r t a n t   t o   n o t e   t h a t   e v e n  a t  such  a low 
v a l u e   o f   p o r o s i t y ,   t h e   d a t a   i n d i c a t e  a s i g n i f i c a n t   d e p a r t u r e  from 
d a t a   o f   t h e   c l o s e d  w a l l  small t u n n e l .   S i m i l a r   o b s e r v a t i o n  i s  made 
f o r   t h e   d a t a   o b t a i n e d   w i t h  wind t u n n e l  w a l l  poros i ty   o f   approximate ly  
t h i r t y - o n e   p e r c e n t  as  i l l u s t r a t e d   i n   F i g .  1 4 .  These   da ta  were sub- 
s t a n t i a t e d  by cons ide rab le   ev idence   o f   add i t iona l   unpub l i shed  
r e s u l t s  . 

A s  t h e   p o r o s i t y   i n c r e a s e s ,  a decrease is  o b s e r v e d   i n   t h e   d i f -  
ference  between l i f t   c u r v e s   o b t a i n e d   w i t h  momentum matching. 

The r a t e  of  flow  improvement i n   t h e   t u n n e l  may b e   i l l u s t r a t e d  
by p l o t t i n g   t h e   c h a n g e   i n   s l o p e  as  a func t ion   o f   po ros i ty .   Th i s  
a n a l y s i s  i s  summarized i n   F i g .   1 5 .  The f i g u r e   i n c l u d e s  a p l o t   o f  
t he   e r ro r   ana lys i s   g iven   by   Equa t ions   (35 ,371 .  The exper imenta l  
d a t a   a g r e e   q u i t e  w e l l  w i t h   t h e   t h e o r e t i c a l   p r e d i c t i o n   b a s e d   o n   t h e  
s i m p l e   l i n e a r   t h e o r y .  The bracke t   symbols   in   F ig .   15  were ob ta ined  
by computing  the l i f t   r a t i o s  a t  s e v e r a l   a n g l e s   o f   a t t a c k  so t h a t  
t hey   r ep resen t   t he   r ange   o f   ac tua l   measu remen t s .  

CONCLUSIONS AND RECOMMENDATIONS 

The r e s u l t s   o f   t h e   i n v e s t i g a t i o n   d e m o n s t r a t e   b o t h   t h e o r e t i c -  
a l l y  a n d   e x p e r i m e n t a l l y   t h e   u t i l i t y   o f   t h i s   c o n c e p t   i n  wind 
t u n n e l s .  

T h e o r e t i c a l   a n a l y s i s   s u p p o r t s   t h e   p h i l o s o p h y   o f   c o n s t r u c t i n g  
a minimum c o r r e c t i o n  wind  tunnel   using a c t i v e  wal l s .  The a n a l y t i c a l  
s tudy   subs t an t i a t e s   t he   conve rgence   o f  f l o w   c o n d i t i o n s   i n   t h e   t u n n e l  
t o  t h o s e   o f   f r e e  a i r  u s i n g   t h e   l i f t  as a measure  of   the   f low i m -  
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Figure  11. Flow around  an a i r f o i l  us ing  momentum 
matching i n  a minimum i n t e r f e r e n c e  
wind  tunnel.  
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Figure  1 2 .  Mixing  region of i n j e c t e d   f l o w   i n  a 
minimum in te r fe rence   wind   tunnel .  

(A) Smoke nozzle at 0.28H from the t u n n e l   f l o o r .  
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Figure  1 2 .  Mixing r eg ion  of i n j e c t e d  f l o w  i n  a 
minimum in t e r f e rence   w ind   t unne l .  

(B) Smoke nozz le  a t  0.24H from t h e   t u n n e l  f loor .  
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provement. Of p r a c t i c a l   i n t e r e s t  is  t h e   t h e o r e t i c a l   c o n c l u s i o n   t h a t  
it is  n e c e s s a r y   t o   c o n t r o l   o n l y   t h e   f l o w   n o r m a l   t o   t h e  w a l l  s u r f a c e  
of t h e   t u n n e l .  

When t h e   d e s i g n  i s  based  on  matching mass f low,   the   excess  
momentum causes   an   ove rco r rec t ion ;  when momentum is  matched,  the 
mass flow is  d e f i c i e n t  so t h a t   t h e   l i f t   c u r v e  i s  undercorrected.  
The d i f f e rence   be tween   t he  two cases d e c r e a s e s   r a p i d l y  as the  poros-  
i t y   i n c r e a s e s .  

> 

I n   t h i s   s t u d y   b o t h   e x t r e m e  cases of   matching  e i ther  mass o r  
momentum were inves t iga ted .   This   approach  w a s  d e s i r e d   f o r   t h e  
a n a l y s i s   o f   t h e   c o n c e p t   i n   p r i n c i p l e .   F o r   p r a c t i c a l   c o n s t r u c t i o n  
of a r e s e a r c h  wind tunnel ,   f low  cont ro l  may be  based  on a combi- 
na t ion   o f   bo th  momentum and mass requi rements   for   an  optimum 
f a c i l i t y .  

I t  should  be  emphasized  that   the  amount  of i n j e c t e d   o r   e x t r a c t e d  
f low  through  the w a l l s  was only  on the   o rde r   o f   fou r   pe rcen t   o f   t he  
t o t a l   f l o w  i n  t he   sma l l  wind tunne l .  The amount  of cont ro l led   f low 
through  the   wal l  w i l l  be   higher  1 1 1  th ree   d imens iona l  tests o r   f o r  
tests of  models  with  active  elements;   however,  i t s  percentage  of 
t h e   t o t a l  mass flow w i l l  be   i nve r se ly   p ropor t iona l   t o   t he   t unne l  
s i z e .  

The results obta ined  i n  t h i s  work i n d i c a t e   t h a t  a m i n i m u m  cor-  
r e c t i o n  wind  tunnel may be   ach ieved   w i th   r e l a t ive ly  low p o r o s i t y  
o f   a c t i v e  walls.  An exac t   va lue  of p o r o s i t y  would  depend  on t h e  
accuracy   requi rements ;   however ,   the   in te r fe rence  was s u b s t a n t i a l l y  
reduced   wi th   approximate ly   th i r ty   percent  w a l l  po ros i ty .  

Recommendation f o r   f u r t h e r   s t u d y  on t h e  concept of m i n i m u m  
i n t e r f e r e n c e  may be  fol lowed  on  several   topics .  

A s tudy  may be  pursued  on t h e  e f f e c t  of r e d u c t i o n   i n   t h e  number 
of   cont ro l led  plenum  chambers.  For t h a t   s t u d y ,  a high  degree  of 
experimental   accuracy w i l l  be   r equ i r ed .   Quan t i t a t ive   a s ses smen t   o f  
in t roducing   f low  in to   the   tunnel  w i l l  add to   t he   r e f inemen t   o f   t he  
t h e o r y   f o r   t h e  minimum i n t e r f e r e n c e  wind tunne l .  

A second  topic  of concern i s  a design  problem  of  an  automated 
sys t em  fo r   t he   f eedback   con t ro l   l oop .   S t ab i l i t y   i nves t iga t ion   fo r  
such a sys tem  should   be   ana lyzed   par t icu lar ly   for   poss ib le  l i m i t  
c y c l e s .  An a d d i t i o n a l   s u b j e c t   o f   i n t e r e s t  is t h e  time requ i r ed  
for  convergence.  While  in  subsonic  wind  tunnels  the t e s t  t i m e  is 
no t  a s e v e r e   l i m i t a t i o n ,   a p p l i c a t i o n   o f   t h e   c o n c e p t   t o   t r a n s o n i c  
f low  s imulat ion w i l l  r equ i r e   app ropr i a t e   mod i f i ca t ions   fo r   ex t r eme ly  
s h o r t   r u n  times. 

The f l o w   f i e l d  was t h e o r e t i c a l l y   d e s c r i b e d   i n   t h i s   r e p o r t  w i t h  
an  overview,   macroscopic   analysis .  T h i s  approach w a s  s a t i s f a c t o r y  
f o r   t h e   i n t r o d u c t i o n  and  demonstrat ion  of   the  concept .   Eventual ly ,  
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t he   r e f inemen t   o f   t he   t echn ique  w i l l  r e q u i r e  a more e x a c t   d e s c r i p t i o n  
o f   t h e   f l o w   f i e l d ,   i n c l u d i n g   t h e   r e l a t i v e   i n f l u e n c e   o f   e a c h  plenum 
chamber  and i n j e c t i o n  j e t .  

A f i n a l  recommendation on t h e   b a s i s   o f   t h i s   s t u d y  i s  t o  imple- 
ment t h i s   app roach   i n   t h ree   d imens iona l   w ind   t unne l s .  
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APPENDIX 

EVALUA'L'ION OF CONVERGENCE REQUIREMENT 

FOR PARTICULAR CONFIGURATIONS 

The p r i n c i p l e   o f   o p e r a t i o n   f o r   t h e  minimum i n t e r f e r e n c e  wind 
t u n n e l   g u a r a n t e e s   t h a t   t h e   m e a s u r e d   l i f t   i n   t h e   t u n n e l  w i l l  approach 
t h e   f r e e   a i r   v a l u e   p r o v i d e d   t h a t   t h e   m a t r i x  T converges.  2' is  ex- 
pressed by: 

where   the   descr ip t ion   of  t h e  matrices on t h e   r i g h t  hand s i d e  of 
Eq. (Al) is  g i v e n   i n   t h e  g e n e r a l   t h e o r y   s e c t i o n  of t h i s   s t u d y .  

Evalua t ion   of   the  norm 0 f . T  may become t e d i o u s   f o r  a detailed 
test  geometry. Two simple  examples   are   presented  here .  

Example 1: Two Dimensional  Tunnel 

The  model i s  represented   by  a s i n g l e   v o r t e x  so t h a t   t h e  dimen- 
s ion  of  T i s  1 x 1. Because  of  the symmetry  of the  problem it is  
c o n v e n i e n t   t o   r e p r e s e n t   t h e   w a l l  by a s ing le   va lued   vo r t ex   e l emen t  
e q u a l   t o   t h e  sum o f   t h e  w a l l  images.  Consequently,  the  dimension 
of C is  1 x 1. I t  c a n   e a s i l y   b e  shown t h a t   i n   t h i s  case a l l  t h e  
matrices i n  Eq. ( A l )  have a s ingle   d imens ion .  

F i n a l l y   t h e  norm of T is less than   one   p rovided   tha t   the   fo l low-  
i n g   s c a l a r   r e l a t i o n  i s  preserved:  
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where G, B ,  D, C are  t h e   s i n g l e   e l e m e n t s  of the   cor responding  ma- 
trices. (C)  and { B }  may be   eva lua ted   us ing   the   boundary   condi t ion  
a t  t h e   t u n n e l  w a l l .  

{GI is  the   t r ans fo rma t ion  of the  images '  effect a t   t h e  model 1 / 4  
chord. I t  may be  expressed by 

(A4 

{Dl i s  t h e   i n f l u e n c e   c o e f f i c i e n t   o f   t h e   v o r t e x  a t  t h e  3/4  chord 
p o i n t .  

S u b s t i t u t i o n   o f  Eq.  (A3) through (A51 i n t o  Eq. ( A 2 )  p r o v i d e s   t h e  
condi t ion   for   the   convergence   o f  T i n  terms of t h e  model  chord 
t o   t u n n e l   h e i g h t   r a t i o .  

Example 2 :  Simple  Square Wind Tunnel 

The  model i s  given by a s ing le   ho r seshoe   vo r t ex   p l aced  a t  t h e  
model 1/4 chord  and  the  tunnel  i s  cons t ruc t ed  by f o u r   v o r t e x   r i n g s .  
The problem  of i n t e r e s t  i s  i l l u s t r a t e d   i n   F i g .  Al. 

For t h i s  case only,   the   normal   veloci ty   components  are of 
i n t e re s t .   Because   o f   phys i ca l  symmetry it may b e   a r g u e d   t h a t   t h e  
two v o r t e x   r i n g s   r e p r e s e n t i n g   t h e   s i d e  walls are o f   ze ro   s t r eng th  
and the   top   and   bo t tom  vor tex   r ings   have   equal   s t rength .  
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Figure  A l :  Mathematical  model  of 
a s imple   square   tunnel .  

F o r   t h i s  case only  the  normal   veloci ty   components  are of in-  
terest. Because  of   physical  symmetry it may be a r g u e d   t h a t   t h e  two 
v o r t e x   r i n g s   r e p r e s e n t i n g   t h e   s i d e  walls are of  z e r o  s t r e n g t h   a n d  
the   top   and   bo t tom  vor tex   r ings   have   equal   s t rength .  

Following symmetry c o n s i d e r a t i o n s  it is  a l s o   p o s s i b l e   t o  show 
t h a t   e a c h  component  of T i n  Eq. ( A l )  has  a s ingle   d imens ion  as w a s  
t h e  case in   the   p rev ious   example .  

To f a c i l i t a t e   t h e   c o m p u t a t i o n   t h e   l e n g t h  of t h e   v o r t e x   r i n g  
and   consequen t ly   t he   l eng th   o f   t h i s  wind t u n n e l  i s  e q u a t e d   t o   t h e  
model chord.  The r e s u l t s   o f   t h i s   a n a l y s i s   t h e n  may be   t aken   on ly  
as i l l u s t r a t i n g   t h e   t e c h n i q u e   r a t h e r   t h a n   b e i n g  accura te   computa t ions .  

The func t iona l   fo rm of t h e   e l e m e n t s   i n  Eq. ( A l )  f o r   t h i s  case 
are p resen ted  as fo l lows:  
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H 1 
{ C )  = - + 

[l + (L) H AR '1 H A R  

b 
H AR 2 

+ + 

I 1 + A R [ 1  + A R 2 ]  
{ D l  = 2 1 + nb 1 + A R ~  1'2 I 

These  equat ions were ob ta ined  by mod i f i ca t ions   o f   t he   gene ra l  
e q u a t i o n s   f o r  a horseshoe   vor tex   and   vor tex   r ings .   (Formula t ion  
of these   equa t ions  was presented  by  Joppa, R. G., Wind Z'unne 2 I n t e r -  
f e r e n e e  Factors for High-L i f t   Wings  i n  CZosed  Wind  TunneZs, NASA 
CR-2191, February  1973.) 

Numerical a n a l y s i s  of t h e s e   e q u a t i o n s   f o r   s e v e r a l   a s p e c t  r a t i o s  
i n   g i v e n   i n  Table Al. 
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Table  Al. The norm of T for a 
simple squa re   t unne l .  

b/H 
A R  0.8  0.6  0.4 

1 1.7586  0.8634  0.4077 

2 0.7756  0.4372  0.2146 

4 0.4733 0 . 2 9 2 2  0.1416 

It can  be summarized t h a t   t h e  norm of T decreases as  b/H decreases 
or when t h e   a s p e c t  r a t i o  increases. 

S i n c e   c o n v e r g e n c e   r e q u i r e s   t h a t   t h e  norm of T be less than  one,  
t hen   t he   example   i l l u s t r a t e s   t ha t   t he   conve rgence   r equ i r emen t  w i l l  
no t   impose   p rac t i ca l   l imi t a t ions   on   t he   u se  of a given  wind  tunnel .  
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